The Netherlands, a small country, has been particularly rich in astronomers in the twentieth century, and Hendrik van de Hulst was among the most notable. He is distinguished for three far-reaching contributions to our knowledge of the Cosmos. As a graduate student he predicted that the hyperfine transition at 1420 MHz in atomic hydrogen (the 21 cm line) would be observable, and later participated in its discovery and early exploitation. He guided Dutch and European space research and its organization from the beginnings. Throughout his entire career he developed the theory of the scattering of radiation by small particles. He was consequently called on to be a member or chairman of important national and international committees, and his contributions, to the advancement of knowledge and effective organization alike, have been recognized by numerous awards and distinctions.
F  
Hendrik van de Hulst ('Henk' to his friends and colleagues in The Netherlands and far beyond) was born in Utrecht on 19 November 1918. His father, Willem Gerrit van de Hulst, was the principal of an elementary school who became well known in The Netherlands as a writer of children's books. One of Hendrik's brothers became a gifted painter. The family was close and happy and firm in the Calvinistic faith of the Dutch Reformed Church. Henk himself had a thorough knowledge of the Bible, and although in later life his beliefs declined from strict Calvinism, he would often make a point in discussion with an apposite quotation from the Bible.
From his earliest schooldays Henk showed outstanding mathematical ability. He had no special interest in astronomy in his Gymnasium years, and thought of going to the Technical University in Delft, the renowned school of engineering. An engineer advised him that his interests were too theoretical for such a career, although like some other notable mathematicians (Newton and Maxwell not the least) he was good with his hands and at mechanical constructions. When instead he entered the University of Utrecht, he was the first of his family to go to a university. In his second year he was influenced by M. Minnaert, the author of the well-known book Light and colour in the open air, in which the scattering of light by atmospheric particles has an important part. Scattering of light by small particles was to be a major preoccupation of Henk to the end of his life.
Henk was called up for military service in 1939, just before the German invasion of The Netherlands, but was discharged after the capitulation of the Dutch army. By then the University of Utrecht was in disarray, for Minnaert and other distinguished members had been detained as hostages by the occupying forces. Van de Hulst therefore entered for a prize competition at the University of Leiden. In the event no prize was awarded, but although van de Hulst wrote his doctoral thesis on 'Optics of spherical particles' mainly in Utrecht, sometimes in hiding, he visited Leiden on occasion and used the library. There he began his lifelong association with J.H. Oort (For.Mem.R.S. 1959), even though Oort had been expelled from his post by the occupying authorities and was also hiding in the countryside, although he came in to Leiden from time to time (17)*.
In 1946 Henk married Wilhelmina (Wil) Mengerlink. They had two sons and two daughters: Elske, Erik, Henriette and Willem. Wilhelmina had herself studied astronomy at Utrecht, but then changed to psychology. His family was always very important to Henk. In 1946 Henk moved with his new wife to Chicago, where he had a postdoctoral fellowship at the Yerkes Observatory, and there met Subrahmanyan Chandrasekhar, F.R.S., and Gerard Kuiper. In 1948 he returned as lector in Leiden and was appointed a professor in 1952 (emeritus in 1984). He spent sabbatical periods at Harvard, the California Institute of Technology and Columbia University and the Goddard Space Institute in New York At Chicago and in his first years back in Leiden, van de Hulst wrote on several matters involving the scattering of radiation, the formation of absorption lines in spectra, particles in interstellar space, the solar corona and the atmospheres of the Earth and the planets. Then, while he was at Harvard College Observatory for six months in 1951, he became involved in the first observations of the 1420 MHz radiation from galactic hydrogen and in its interpretation in terms of galactic structure.
T 21    
Oort, in wartime Leiden, had somehow obtained a copy of a short note by Grote Reber (1940) in the Astrophysical Journal, which showed that radio emissions dependent on galactic longitude were coming from the direction of the Milky Way. How Oort obtained that note is unclear, given that he had been ejected from his university post, but he was keeping in touch with activities in Leiden. Nevertheless in 1944 he arranged that a meeting of the Nederlandse Astronomenclub should discuss radio techniques and possible astronomical applications. At his request, van de Hulst gave a paper that was eventually published in 1945 after the end of the war (2). His aim was to predict the spectrum of radiation from the Milky Way. He first * Numbers in this form refer to the bibliography at the end of the text.
argued that interstellar gas was the most likely source, and considered radiation transfer in a layer of gas. He showed that radiation from free-free transitions of electrons near a hydrogen ion would predominate. He next considered bound-bound transitions of hydrogen with principal quantum numbers of the order of 340, and concluded that they would not be observed. In contrast, he estimated that the 21 cm hydrogen (H-21 cm) line should be observed. The radiation, at a frequency of ca. 1420 MHz, comes from transitions between the hyperfine states of atomic hydrogen. In 1944 neither the frequency nor the transition probability had been found experimentally. Thus van de Hulst had to conclude that although it was likely that the radiation could be observed, it remained speculative.
Van de Hulst considered not only radiation from our own galaxy but also the possibilities of observing other galaxies, because Reber believed, erroneously, that he had detected radiation from the Andromeda nebula. Van de Hulst recalled that if the Cosmos were infinite and uniform, then the radio brightness in every direction should be equal to that of a typical galaxy, just as, according to Olbers's paradox (which goes back at least to Newton and Halley), the sky should everywhere be as bright as a typical star. Van de Hulst, following up a comment of Oort's, saw that a cosmic redshift would resolve the paradox. Curiously, although he saw that point for galaxies, he dismissed stars as possible radio sources on the grounds that the surface area was a small fraction of the area of the sky, an argument that Newton and Halley knew to be wrong. Muller and Oort in particular took the first steps to using the observations to delineate the spiral structure of our own galaxy. Van de Hulst was involved in the first detection because he was spending a sabbatical year in Harvard College Observatory and was able to keep the Harvard and Leiden groups in touch, with beneficial mutual information about methods and progress. Ewen and Purcell delayed their own publication until Muller and Oort were successful, and the three reports from Harvard, The Netherlands and Australia appeared together in the same issue of Nature. Back in Leiden, van de Hulst joined Muller and Oort in the first systematic major investigation of galactic structure from the 21 cm radiation (4). Muller was responsible for the radio observation, van de Hulst for data reduction and Oort for the astronomical interpretation. From observations that extended over about a year they were able to construct a map of the spiral arms of those parts of the galaxy beyond the Sun and visible from Leiden ( figure 1 ). The analysis made use of the ideas of galactic rotation that Oort had previously derived from the velocities of the principal streams of stars, and showed clearly for the first time that the spiral structure of our galaxy is similar to that of other galaxies (17). Thereafter van de Hulst did little more original work on the H-21 cm line and galactic structure, although he took part in a study of the Andromeda nebula (6). His colleagues in Leiden and elsewhere in The Netherlands did, however, continue very actively in astronomy with the 21 cm radiation. Not only have such studies in The Netherlands and elsewhere delineated the spiral arms of the galaxy in great detail, together with the rotation of the galaxy and the position of the galactic pole, but they have also determined the physical conditions in the clouds of gas, and have extended the studies to other galaxies. All that was spelt out in a preliminary way in the first paper (4), along with sources of error and ambiguities. There was a further sequel to van de Hulst's paper of 1945. Shklovsky (1949) followed it with new estimates based on the experimental value of the frequency of the 21 cm radiation (Nafe at al. 1947) and on a new calculation of the transition probability, and concluded that the radiation should certainly be observable from the Milky Way, as it turned out to be. Shklovsky also considered radiation from molecules and suggested that it should be possible to detect radiation from the L-doubling transitions in molecules such as OH (at ca. 1660 MHz) and CH. The frequencies for OH were measured by Doumanis et al. (1955) , and Townes (1957) , in the report of a symposium edited by van de Hulst, reviewed the possibilities of detecting radiation from several simple molecules. A few years afterwards, radiation from hydroxyl molecules was detected in absorption (Weinreb et al. 1963 ) and then some very strange powerful emissions at ca. 1660 MHz were detected that were soon identified as maser radiation from hydroxyl molecules (Weaver et al. 1965 ). Maser radiation can occur only if there are departures from thermodynamic equilibrium, and so the radiation from hydroxyl, water and other molecules has revealed regions in our own and other galaxies where thermodynamic equilibrium does not hold, especially in places where stars are forming. By contrast, the H-21 cm radiation comes from clouds of gas that are essentially in thermal equilibrium. Insofar as his 1945 paper prompted Shklovsky and Townes to examine the possibilities of molecular line observations, van de Hulst can be said to have initiated microwave astrophysical spectroscopy of both atomic hydrogen and small molecules.
The 1420 MHz radiation now has an additional quite different importance. The considerable developments in microwave spectroscopy in the 1950s led to international agreement that the standard of frequency, and hence of time, should be that of the hyperfine transition in the ground state of caesium-133 at 9192.63177 MHz (Cook 1998 ). An atomic beam of 133 Cs is used as a passive detector of radiation at the transition frequency of 9192.63177 MHz, but for many purposes an oscillator that would run continuously would be more convenient. Many laboratories now have masers in which atomic hydrogen prepared in the upper state of the hyperfine doublet is injected into a cavity tuned to the transition frequency, and maser action then occurs. The frequency is slightly variable because it depends to a small extent on the power of the signal and the tuning of the resonator. The potential of the 1420 MHz transition for a frequency standard was to some extent suggested by the astrophysical observations, and thus again indirectly by van de Hulst's paper of 1945.
Van de Hulst's discussion of the 21 cm radiation and other possibilities of radio astronomy was at the time a minor interruption in his studies for his thesis on scattering of light, but in his hands and the hands of others it gave rise to a far-reaching new astronomy. However, it was not van de Hulst's own major life's work: that had been set by his thesis.
S
Van de Hulst's PhD thesis was on the optics of spherical particles (1), and his last paper was on scattering by cylinders (16). From first to last, throughout his life he continued to deepen and extend the theories of scattering and of transfer of radiation and their many applications. He had set out the principles of scattering by single particles in his book of that title (5), and subsequently extended his investigations to the transfer of radiation in clouds of particles.
Light scattering by small particles is a systematic exposition of the theory of the scattering of electromagnetic radiation by objects that are not so large that the scattered pattern depends in detail on the geometry of the scatterer-it is scattering by raindrops, for example, not by mirrors. The geometry does, however, determine the angular distribution and polarization of scattered radiation; thus, scattering from regular ice crystals differs from that by irregular dust particles. Van de Hulst expounds in detail the theory of scattering by isolated particles but explicitly excludes almost entirely multiple scattering by many particles, or the transfer of radiation in a space in which the density of scatterers is such that light is scattered many times in its passage through the space. The principal topics of the book concern light and other electromagnetic radiation, but van de Hulst does remark on parallels with sound and nuclear particles.
Van de Hulst gives particular attention to the polarization of scattered radiation. If the incident (electromagnetic) radiation is specified by a transverse vector E i with two complex components, and the scattered radiation by a similar vector E s , the scattering process is described by the transformation E s = A.E i , where A is a 2 × 2 matrix with four complex elements. The state of polarization of a beam of radiation is usually described by the Stokes parameters I, Q, U and V, which are combinations of the real and imaginary parts of the electric vectors. If the Stokes parameters are denoted by a vector I with the four components I, Q, U and V, and if they transform on scattering according to the rule I s = S.I i , where S is the 4 × 4 scattering matrix with 16 components, then the components of S must be derived from those of A. In his book, van de Hulst remarked that the number of such relations is less than 16 and therefore there must be connections between the components of S, but he did not derive them; he did find them much later (10) . Arguments based on the symmetry and orientation of particles lead to conditions for the observation of such effects as linear or circular birefringence or dichroism. The occurrence of those effects depends solely on the properties of the components of S, whether they represent the geometry or the material properties of the particles.
It is not in general possible to calculate the optical properties of small particles, but exact theories are available for three types, of which Rayleigh scattering occurs when particles with dipole moments are polarized by an incident electric field. It is proportional to and radiation perpendicular to the incident radiation is polarized. The blue light of the daylight sky is sunlight scattered by air molecules. Scattering by homogeneous spherical particles can be treated exactly by the theory due to Mie in which the incident and scattered external electric fields are matched with the internal field through the boundary conditions at the surface. Van de Hulst had extended the theory in his thesis. Similar exact methods are available for infinite circular cylinders, and van de Hulst also gave the theory for long but finite cylinders and for very thin cylinders or needles. Early in the seventeenth century the Dalmatian cleric de Dominis had explained the rainbow (figure 2) as arising from refraction of sunlight in raindrops, and subsequently Descartes, Newton, Halley and especially Airy had refined the theory. Van de Hulst showed how the Mie theory explains most of the phenomena of the rainbow, but that there still remained some unexplained features. Scattering by rods and other forms of ice crystal is responsible for haloes around the Sun and for glories. While van de Hulst is renowned as an astronomer, he had a considerable interest in all aspects of scattering, in chemistry and in meteorology as well as in astronomy. So he discussed scattering in milk and tracking of clouds and rain by radar and lidar.
One of van de Hulst's first papers was on scattering in planetary atmospheres (3), but thereafter he was occupied with H-21 cm studies and then with space research; although he did continue to write on scattering, he did not return specifically to planetary atmospheres until 1962. Then, as he recalls (9), he had a conversation at the Goddard Space Flight Center about the possible infrared observations that might be made with a probe to be lowered into the atmosphere of Mars. The outcome was his book in two volumes, Multiple light scattering (9). Light scattering by small particles eschews almost any discussion of radiation transfer; however, that is the principal subject of Multiple light scattering. The theory of radiation transfer has a long history and has attracted the attention of many outstanding mathematicians. In Multiple light scattering, as in Light scattering by small particles, van de Hulst developed the mathematical basis of theories, provided many numerical original results, and set them out in ways that are accessible to a wide range of practitioners.
Multiple light scattering is devoted almost entirely to the transfer of radiation in a plane parallel slab. In volume 1 the first part sets out general theory; the second part is devoted to radiation transfer by isotropic scattering in semi-infinite and finite slabs. Isotropic scattering is independent of the angle with respect to the direction of propagation (the normal to the surface of a plane parallel slab), but in general the scattering depends on that angle through a phase function. The phase function is often written as the sum of terms proportional to Legendre coefficients. The equation of transfer of radiation is an integro-differential equation, which by treating each harmonic term separately can be expressed as a matrix equation. Van de Hulst explains all these and other matters of definition and procedure in detail and carefully, so that they are clear to readers who are more interested in applications than in the fundamental mathematical theory, and he presents many diagrams and tables to illustrate his exposition. The third part of the book, in volume 2, deals with anisotropic scattering, of which important cases include Rayleigh scattering (discussed in detail), Mie scattering, and inhomogeneous hazes and fogs. Van de Hulst also considers polarization and scattering dependent on azimuth around the direction of propagation, for which the theories are formally similar.
The fourth part, in volume 2, describes important applications, beginning with photon paths and the formation of absorption lines in spectra, and is followed by an extensive discussion of planetary atmospheres. Van de Hulst rightly remarks that none of the nine planets of the Solar System is like any other, and that applies to their atmospheres and surfaces as much as to their internal constitutions. At the beginning of the chapter on scattered light in the Earth's atmosphere, van de Hulst recalls that Minnaert's book Light and colour in the open air is 'an inspired account of all that is to be seen' in the open air, but he himself restricts his discussion to multiple scattering and optical depth, organized in terms of a colour code. Blue indicates molecules or very finely divided aerosols, white indicates clouds with particles large compared with the wavelength, black indicates very thick clouds, and red is the result of sunlight traversing a very long path through the atmosphere, usually at sunrise or sunset.
By the time that van de Hulst came to prepare Multiple light scattering, lasers had been developed and were in use to investigate properties of clouds by observation of the light scattered back from a narrow polarized laser beam (lidar). Van de Hulst discusses the particular features of scattering from a highly collimated beam and the restrictions that must be placed upon the reception of the scattered radiation to obtain clear-cut results.
There is a great range of applications in van de Hulst's two books, far beyond what can be discussed here. Thus the last section of Multiple light scattering has accounts of scattering in the oceans, of natural aerosols such as those produced by volcanic eruptions, and of the heat balance of the Earth, as well as the comment that the theory of multiple scattering by particles is effectively the same as that of propagation in irregular media such as a turbulent liquid. Further, he discussed in a number of papers the nature of the interstellar medium and scattering in it.
In his books van de Hulst expounded a great body of theory, mostly developed by others, but with many notable contributions of his own that he had published throughout his career in journals such as the Astronomical Bulletin of The Netherlands and subsequently in Astronomy and Astrophysics. However, the distinctive feature of the books is the way in which he explains the scope of the theories, their limitations, and how they are to be used to understand observations, all with many diagrams to show the course of calculations and the nature of results, and extensive tables.
In the final section of volume 2 of Multiple light scattering van de Hulst mentions the problem of scattering in a spherical cloud, essentially the theory of starlight scattered from interstellar dust clouds. Then it was only a mention, but late in his career he returned to it in two papers (11, 12) in which he used an exact transformation between the equation of transfer for a sphere and that for a plane parallel slab to derive asymptotic results for the sphere. In two of his last papers he returned to the use of scattered laser light in meteorology (13, 15) .
S 
When the International Union of Geodesy and Geophysics met in Toronto in 1957, rockets had already carried instruments that recorded ultraviolet radiation from the Sun. Military organizations in the USA were preparing to launch artificial satellites and possible uses of spacecraft in geodesy and geophysics were discussed at Toronto. The first Russian satellite, Sputnik 1, was launched shortly after the close of the Toronto meeting, as I well remember hearing on the ship's news in the middle of the Atlantic as I returned from North America in the RMS Queen Mary. The first US satellite came shortly afterwards. Three results followed almost immediately. Changes in the orbits led to very good values of the polar flattening of the Earth and of the change in the density of the atmosphere with height. The radiation belts were the third discovery. By the summer of 1958 three major fields of space research had been defined: the ionized environment of the Earth, the neutral atmosphere and the gravity field. In addition, rocket research had demonstrated the potential of observations of ultraviolet radiation. The scientific potential of space vehicles was plain.
At the same time the General Assembly of the United Nations (UN) was about to consider resolutions on the peaceful uses of outer space and on the removal of military bases from foreign countries, and members of the International Council of Scientific Unions (ICSU) executive feared that political and military interests might dominate space research. They therefore convened a meeting to form a Committee for Space Research (COSPAR), initially for one year. The meeting took place on 15 November 1958 in the rooms of The Royal Society. Oort was invited as the representative of the International Astronomical Union but could not go. Van de Hulst (14) has recalled that a conversation with Oort took place much as follows during the morning coffee break at Leiden:
'Henk, ICSU is calling this meeting, I cannot possibly go. Would you like to?' 'Rather not, Jan, for I don't like to miss my daughter's fourth birthday. What is ICSU?' 'It may be important.' 'How much time will it involve?' 'Not much, unless of course you were asked to become a member of the board.' 'O.K., I'll go'.
A week later I came back as the first COSPAR President, carrying the complete file on COSPAR (one thin folder) which the convener had handed to me.
A suggestion from Oort launched Henk into space, just as years before another suggestion from Oort had led him into radio astronomy. Henk's first task was to let the UN know that COSPAR had been formed and that the UN should not rush into matters of space science: 'Don't hurry, we [COSPAR] will do it and are equipped for it', emphasizing the good contacts that scientists already had between the USSR and the West. So it turned out. Later Henk was able to go to New York as personal adviser (not COSPAR President) to the President of the UN Educational, Scientific and Cultural Organization (UNESCO), and to meet Dag Hammarskjöld (the second Secretary-General of the UN), who gave him the good advice 'Never shut the door ' (14) .
From the earliest years of space research until almost his own last years, van de Hulst was prominent in its organization, internationally, in Europe, and internally in The Netherlands. He was the President of COSPAR in its first four years , during which the first international scientific meeting was held in Nice in January 1960 (14), when snow dusted the oranges on the trees on the Promenade des Anglais. At that meeting Pierre Auger brought together several European scientists in informal discussions that led to the formation of the European Space Research Organisation (ESRO), which grew into the European Space Administration (ESA).
Van de Hulst's recollections of those early years both illuminate some of the initial difficulties that he had to overcome and are enlivened by his humorous comments (14). At the meeting of COSPAR in Washington DC in 1962, the American and Russian astronauts John Glenn and Gherman Titov met for the first time at breakfast and each gave a talk at a regular COSPAR session, after which van de Hulst presented each of them with one wooden shoe of a pair, and said 'These were cut from the same tree and meant to be used together'. At the meeting in Florence in 1964, on an excursion to Siena, there was a competition to devise Van de Hulst was no narrow specialist. His astronomical studies ranged from the Earth to other planets, to the Sun and its corona, the constituents of interstellar space, and to other galaxies, and in frequency from 1420 MHz through infrared and optical radiation, to cosmicray electrons and γ-rays. Nor were his interests confined to astronomy: he was a practical craftsman, he thought about issues of the funding of science, and had a somewhat sceptical view of the certainty of human knowledge. In his later years he became interested in psychology, meditation and Buddhist philosophy, with which his wife had been involved for some time.
Henk was a somewhat reserved person, but with an open character and a sense of humour that comes out on occasion in dry, sometimes sardonic, comments in his books (14). He did not push himself forward, and his office, if so it could be called, was bare and austere. He had been sickly as a child but enjoyed robust health for almost all of his adult life, suffering only briefly from a deficiency condition about five years before he died from lung cancer. His career seems to show the effects of chance in human life. As an essentially modest person, he does not seem to have formed any overall plan for his life's work, and his principal achievements were initiated by almost casual remarks of others. Oort's suggestion led to his talk on the H-21 cm radiation and all that followed from it; Oort again asked him to go to the ICSU meeting in London. A chance conversation in the USA led him to return in mid-career to planetary atmospheres and radiation transfer. He illustrates Pasteur's observation that it is the prepared mind that profits from chance.
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